Leaves from spinach (Spincia oleracea L. cv Hybrid 102) plants grown in Mn-deficient nutrient solution were characterized by chlorosis, lowered chlorophyll a/b ratio and reduced electron transport. There were characteristic changes in room temperature fluorescence induction kinetics with increased initial yield (F.) and decreased variable fluorescence (F,). The fluorescence yield after the maximum fell rapidly to a level below Fo. The shape of the rise from F. to the maximum was altered and the size of photosystem II units increased, as measured by half-rise time of F, in the presence of 343,4-dichlorophenyl)-1,1-dimethylurea. The Mn-deficient leaves were harvested before necrosis, when thin section electron microscopy revealed no disorganization of the thylakoid system. Thylakoid membranes were examined by freeze-fracture electron microscopy. The effect of Mn-deficiency was the specific loss of three-quarters of the particles from the endoplasmic fracture face of appressed thylakoids (EFs). Mn-deficient leaves were restored to near normal 2 days after application of exogenous Mn to the nutrient solution. It is concluded that the loss of most, but not all, functional photosystem II reaction centers from grana, with no alteration in light-harvesting complex or photosystem I, is responsible for the fluorescence and functional properties observed. The response of thylakoids to Mn deficiency shows that there is a fundamental difference in composition and function of stacked and unstacked endoplasmic fracture particles. The stacked endoplasmic fracture particle probably contains, in close association, the photosystem II reaction center and also the Mn-containing polypeptide, the 343,4-dichlorophenyl)-1,1-dimethylurea-binding protein, and all electron transport components in between.
The essential role of manganese (Mn) in photosynthesis was demonstrated by its ability to restore normal photosynthetic activity and autotrophic growth to Mn-deficient algae (23) . The absolute requirement for Mn for a functional PSII and its involvement in the 02-evolving step is now well documented (1, 4, 1 1). Higher plants grown under conditions of Mn-deficiency exhibit a number of characteristic changes in their functional properties. Their growth is inhibited, the leaves are chlorotic, and the Chl a/b ratio is lowered (4, 31, 32) . Furthermore, the PSII electron transport activity is much reduced, although never completely lost (4, 31) , while PSI activity is normal. There are also alterations in the fluorescence induction kinetics of isolated chloroplast membranes (5, 16) .
Various ultrastructural observations have been made on the organization of the thylakoid membrane system in chloroplasts of Mn-deficient leaves using thin section electron microscopy. Depending on the species, and possibly the severity of the symptoms, different authors have either reported no ultrastructural changes compared with the controls (4, 11, 16, 17) , or the complete disorganization of the thylakoid system (16, 17, 24, 32) . These latter observations have led to the suggestion that Mn may have a primary structural role in the thylakoid membrane as well as a direct involvement as a component of an electron carrier (13, 14, 32) .
Because of the specificity of Mn-deficiency on the electron transport properties of the thylakoid membranes, the lowered Chl a/b ratio, and reported morphological changes in thylakoid organization, the ultrastructure of thylakoids from Mn-deficient spinach leaves was examined by rotary shadowed, freeze-fracture EM. The membrane particles revealed by this technique are the structural manifestations of specific polypeptides organized into functional units. The use of single gene mutants (20, 27, 28) and reconstitution of functional thylakoid proteins into liposomes (7, 20, 27) has established the function of many of the thylakoid freeze-fracture particles. Of particular relevance is the observation that a particular population of freeze-fracture particles may be missing from mutants which lack the ability to synthesize a crucial polypeptide (20, 28, 29) . In the absence of a key polypeptide, the whole functional subunit fails to assemble and, consequently, the corresponding freeze-fracture particles are absent. It was possible that the location of the Mn component of thylakoid membranes could be deduced in this way. Our results show the specific loss of particles from the endoplasmic fracture face of stacked grana membranes (EFs face). These particles have previously been shown to be the probable site of the PSII reaction center (7, 20 (3, 19) were measured with isolated chloroplasts in the presence of 10-5 M DCMU. To determine the t,., points were taken every 40 Ms from the microprocessor and the time taken for fluorescence to rise from F, to the midpoint between F,, and F,, was calculated (see Table II ).
Electron Microscopy. Samples ofleaftissue and isolated, intact chloroplasts were fixed and processed for thin section EM as previously described (30) . Thylakoids were isolated from the intact chloroplasts used for the electron transport and fluorescence measurements, and pelleted in the assay medium plus 30% glycerol, without fixation. Samples were frozen in melting Freon 22 and freeze-fractured and rotary shadowed as described (27) . The terminology used for the four different fracture faces of thylakoids is as described in Simpson (28) .
RESULTS
Plant Growth. Symptoms of Mn deficiency developed in spinach plants, dependent on the Mn concentration in the nutrient solution and the length of time the plants were exposed to Mn deficiency. When the Mn concentration was reduced from 10 to I gM, the plants showed a progressive reduction in growth and, after 3 to 4 weeks, the older leaves had marked interveinal chlorosis and some necrosis of leaf margins. After 3 to 4 weeks in 0.1 Mm Mn, the symptoms were more severe with the appearance of necrotic spots on the older leaves and necrosis of the shoot apex. Plants were harvested for chloroplast isolation before such necrotic spots were visible on the leaves. At very low levels of added Mn (0.02 gM), growth was reduced immediately and plants essentially stopped growing after production of the third and foruth leaf, although necrosis of these leaves was not observed during the course of the experiments.
Electron Transport Properties. Purified intact chloroplasts were isolated from normal (10 ,M Mn) and Mn-deficient spinach leaves after 3 weeks. Their electron transport rates, given in Table   I Fluorescence Induction Properties. The room temperature fluorescence induction kinetics of dark-adapted intact leaves from control and Mn-deficient spinach plants are shown in Figures 1 and 2. There were three consistent differences between fluorescence induction curves from normal and Mn-deficient leaves. Mn-deficient leaves had a much higher initial level of fluorescence (F,,), and a lower yield of variable fluorescence (F, = F,n-F¢,) (Table II) . This resulted in a decrease in the photosyn- (Table II) . Ultrastrcture. Examination of Mn-deficient spinach leaves by thin section electron microscopy showed no signs ofdisorganization ofthe thylakoid system at the stage plants were harvested. Rotary shadowed freeze-fracture replicas were examined by EM and each ofthe four fracture faces from control and Mn-deficient thylakoids were characterized in terms of particle size and density. These results are summarized in Table III .
The only significant difference in freeze-fracture particle densities of corresponding faces of control and Mn-deficient plants was on the EFs face, where the number of particles per square micron decreased from 1706 to 422 (Table III) . The EFu particle density decrease was not significant, and in a subsequent experiment a slight increase in response to Mn-deficiency was found (Table IV) . Analysis of particle size measurements by the x2 test showed a significant difference only for the EFs face, and there the small increase in particle size was probably due to heavier platinum shadowing of individual particles as a result of the lower number per unit area, and the consequent reduced mutual shading (Table III ). The differences in the EFs face particle density between control and Mn-deficient thylakoids are clearly seen in Figures 3 and 4 , respectively. Freeze-etching of Mndeficient thylakoids revealed a decrease in the numbers of tetrameric ESs particles, which are the projections of EFs particles into the intrathylakoid space (Fig. 5) , confirming the complete disappearance of up to three-quarters of the EFs particles. The results for Mn-deficient spinach leaves were confirmed for barley seedlings with respect to fluorescence induction kinetics, electron transport activity, and freeze-fracture ultrastructure.
Recovery from Mn Deficiency. Plants were grown for 12 d in pots containing nutrient solution with 0.02 uM MnCl2. Leaves were small and chlorotic, but showed no other symptoms of Mn deficiency. MnCl2 was added to the nutrient solution to give a final concentration of 10 gM and recovery of the plants was followed by measuring fluorescence induction on the intact leaves. As shown in Figure 6 , recovery as measured by F./F,, was effected over a period of about 2 d after application of Mn. This was due to a decrease in the F, level and an increase in F,. Recovery was accompanied by an increase in the Chl a/b ratio, increased electron transport activity, as well as the almost complete restoration of EFs particles (Table IV) . DISCUSSION Little disorganization of the chloroplast thylakoid system has been reported for algae grown for short periods under Mn- Whatever mechanism operates, it is clear that the primary effect of Mn deficiency is not only the partial inactivation of the TIMIE (hours) water-splitting system, but the loss of entire PSII freeze-fracture ,covery of Mn-deficient thylakoids with time after applica-particles on the EFs face (Table III) . There is never a complete MnC12, measured by fluorescence of intact leaves. Dark loss of all particles, perhaps due to the inhibitory effects of Mnpond to normal 14 h/10 h light/dark cycles during growth. deficiency on cell division under autotrophic conditions (16) which may inhibit chloroplast division and thylakoid membrane s not been elucidated. Studies with single nuclear synthesis. The loss of up to 75% ofthe EFs particles may explain ts unable to synthesize a crucial thylakoid polypep-the progressive increased sensitivity to photoinhibition (13) . In a reaction center, suggest that the components of a Mn-deficient thylakoids, the decrease in the half-rise time for (pe of freeze-fracture particle may not be able to fluorescence in the presence of DCMU(t,,) implies an increased the absence ofone ofthem (8, 20, 28) . In the absence size of the PSII photosynthetic units, and suggests that more apoprotein involved in water-splitting may fail to light-harvesting Chl is connected to each reaction center. Each irporated into the thylakoid in its correct configura-remaining PSII EFs particle is receiving more and more excitons bsequent failure of EFs particle assembly.
from the light-harvesting complex particles on the PFs face (27) Ltive proposal is that the EFs particles may assemble as the severity of the Mn deficiency increases. We conclude that Land are then nonfunctional. Excitons arriving at continued growth under increasingly unfavorable conditions (i.e. ion center could not be used for photosynthesis and photoinhibition and photodestruction) eventually results in the type of thylakoid disorganization reported by others (16, 17, 24) ; but, as suggested (4, 1 1), this is a secondary effect and should not be interpreted to indicate a primary structural role for Mn in the thylakoid membrane.
The loss of EFs particles in Mn-deficient leaves could explain the reduction in Chl a/b ratios. Anderson (2) calculates that 15% of the total Chl is in PSII. The loss of three-quarters of the PSII reaction centers, which contain only Chl a, was indicated by the decrease in EFs particles (Table III) and this would account for 70% of the observed decrease in Chl a/b ratio (Tables I and IV) . Earlier work on normal and Mn-deficient Scenedesmus chloroplasts showed that Mn-deficient chloroplasts were more sensitive to DCMU inhibition, containing only 39% of the binding sites compared with controls, on a Chl basis (1 1 (Table II) . The identity of these centers is not known, although it has been suggested that they may correspond to that part of PSII located in the stroma lamellae (3) or, alternatively, the number of a centers may be related to the degree of connectivity between PSII centers (10 (29) . Thus, these particles should not be designated as containing PSII without stronger evidence.
Much of the work on Mn-deficient chloroplasts, particularly relating to fluorescence, has been interpreted with caution because of the possible associated structural damage, and alternative methods of removing Mn, such as heat shock or Triswashing, have been preferred (1) . However, it has been shown recently that the inhibition of 02 evolution following Tris-washing and Mn removal is reversible, since 70% ofthis capacity can be restored simply by incubation ofwashed, inside-out thylakoids with reduced DCPIP (15, 18) . Our work shows that, in spinach grown under conditions in which there is no thylakoid disintegration, the primary effect of Mn deficiency is the specific loss of up to three-quarters of the PSII-containing EFs particles. Prolonged exposure to light probably causes photodestruction and thylakoid disorganization as a secondary effect. We conclude that Mn, and by inference, the Mn-containing water-splitting enzyme, is located in the EFs particles of the thylakoid membranes. This implies that these particles contain, in close structural and functional association, the PSII reaction center and all polypeptides between M, the Mn-containing polypeptide, and the DCMU-binding protein.
